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Abstract
To investigate the mechanism for N–H bond activation by a transition metal, the reactions of Co+(3F,5F)
with NH3 have been studied with complete active space self-consistent field (CASSCF), multireference
configuration interaction (MR-SDCI), and multireference many body perturbation theory (MRMP) wave
functions, using both effective core potential and all-electron methods. Upon their initial approach, the
reactants yield an ion–molecule complex, CoNH+3(3E,5A2,5A1), with retention of C3ν symmetry. The
Co+=NH3 binding energies are estimated to be 49 (triplet) and 45 (quintet) kcal/mol. Subsequently, the
N–H bond is activated, leading to an intermediate complex H–Co–NH+2 (C2ν symmetry), through a three-
center transition state with an energy barrier of 56–60 (triplet) and 70–73 (quintet) kcal/mol. The energy of
H–Co–NH+2, relative to that of CoNH+3, is estimated to be 60 to 61 (triplet) and 44 (quintet) kcal/mol.
However, the highest levels of theory employed here (including dynamic correlation corrections) suggest that
the triplet intermediate HCoNH+2 may not exist as a minimum on the potential energy surface. Following
Co–N or H–Co bond cleavage, the complexH–Co–NH+2 leads to HCo++NH2 or H+CoNH+2. Both
channels (triplet and quintet) are found to be endothermic by 54–64 kcal/mol.
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To investigate the mechanism for N–H bond activation by a transition metal, the reactions of
Co1(3F ,5F) with NH3 have been studied with complete active space self-consistent field
~CASSCF!, multireference configuration interaction ~MR-SDCI!, and multireference many body
perturbation theory ~MRMP! wave functions, using both effective core potential and all-electron
methods. Upon their initial approach, the reactants yield an ion–molecule complex,
CoNH3
1(3E ,5A2 ,5A1), with retention of C3n symmetry. The Co1vNH3 binding energies are
estimated to be 49 ~triplet! and 45 ~quintet! kcal/mol. Subsequently, the N–H bond is activated,
leading to an intermediate complex H–Co–NH2
1 ~C2n symmetry!, through a three-center transition
state with an energy barrier of 56–60 ~triplet! and 70–73 ~quintet! kcal/mol. The energy of
H–Co–NH2
1
, relative to that of CoNH3
1
, is estimated to be 60 to 61 ~triplet! and 44 ~quintet!
kcal/mol. However, the highest levels of theory employed here ~including dynamic correlation
corrections! suggest that the triplet intermediate HCoNH2
1 may not exist as a minimum on the
potential energy surface. Following Co–N or H–Co bond cleavage, the complex H–Co–NH2
1 leads
to HCo11NH2 or H1CoNH2
1
. Both channels ~triplet and quintet! are found to be endothermic by
54–64 kcal/mol. © 1997 American Institute of Physics. @S0021-9606~97!00520-5#
I. INTRODUCTION
The considerable recent interest in studies of the reac-
tions of transition metal atoms and ions with molecular spe-
cies in the gas phase is attributable to ~a! the baseline under-
standing that one obtains due to the absence of solvents,
strong intermolecular interactions, and crystal forces and ~b!
the fact that gas phase thermodynamic, kinetic, and dynamic
~e.g., branching ratio! data provide essential insights into the
catalytic activity of metal and metal ion clusters. There is a
growing body of experimental information regarding the in-
teractions of small neutral1 and cationic2–21 clusters of tran-
sition metals with compounds containing prototypical bonds
~e.g., C–H, C–C, N–H, O–H, Si–H, Si–C! of importance in
catalytic processes. Transition metal-main group complexes
have been the focus of intense computational effort.17,21,22–53
Cundari and Gordon43 have characterized MvC, MvSi,
MvN, and MvP bonds (Mvtransition metal) using the
MCSCF/LMO/CI ~multiconfiguration self-consistent field/
localized molecular orbital/configuration interaction! analy-
sis developed by Ruedenberg and co-workers,54 showing that
the description of these bonds is more complex than a single
resonance structure. Armentrout, Goddard, and co-workers17
reported the sequential bond energies of Co~CH4!n
1 (n
5 1–4), determined experimentally ~with a guided ion beam
tandem mass spectrometer! and theoretically @with the modi-
fied coupled pair functional ~MCPF! method55#, and showed
that these results are in excellent agreement with each other.
Accurate theoretical calculations and experimental studies of
gas phase reactions will provide important fundamental in-
sights into the mechanisms of the bond activation processes,
and provide us with the opportunity to examine the effects of
various ligands on the catalytic activity of the transition met-
als.
There have only been a few detailed studies of potential
energy surfaces ~PES’s! of reactions of transition metal
atoms56,57 and ions58–63 with alkanes and other prototypical
species. Blomberg and co-workers56 performed complete ac-
tive space self-consistent field ~CASSCF! plus CI calcula-
tions on the reactions of Fe, Co, Ni, Rh, and Pd with CH4
and C2H6, and concluded that the second row transition met-
als have higher barriers to insertion than do their first row
analogs. Gordon and co-workers60 have examined the PES’s
for reaction of Co1 with CH4, while Morokuma et al.61 have
performed the analogous calculations for Rh1, Ir1, Fe1, and
Sc1.
In this paper, we study the reaction mechanism of
Co11NH3, as a prototype for N–H bond activation by tran-
sition metal ions. For this reaction, Clemmer and
Armentrout2 proposed the following mechanism based on
experimental analyses using guided ion beam mass spec-
trometry. First, Co1 and NH3 form an ion–dipole complex
with no activation energy barrier
Co11NH3!CoNH31. ~1!
Then, Co1 activates one N–H bond of NH3, leading to the
insertion complex HCoNH2
1
CoNH3
1!HCoNH21. ~2!
With bond cleavage of either Co–N or H–Co, the complex
HCoNH2
1 dissociates into two fragments
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HCoNH2
1!CoH11NH2 ~3!
or
HCoNH2
1!H1CoNH21. ~4!
To analyze the proposed mechanism, the electronic and mo-
lecular structures of the various compounds implicated in the
mechanism, as well as the associated reaction paths have
been determined using the complete active space ~CASSCF!
multiconfigurational self-consistent field method.64 Quantita-
tive investigations of the energetics were performed by start-
ing with the CASSCF wave functions and then adding dy-
namic correlation corrections via the multireference singles
and doubles configuration interaction ~MR-SDCI!65 and the
multireference second order perturbation theory
~MRMP!66,67 methods.
II. COMPUTATIONAL METHODS
CASSCF equilibrium and transition state geometries for
the molecular systems ~CoNH3
1
, HCoNH2
1
, CoNH2
1
,
CoH1, NH2, TS; RHF for NH3! involved in reactions ~1!–
~4! were determined for appropriate space- and spin-
symmetry states, using the GAMESS program.68 In these cal-
culations, the effective core potentials ~ECP! developed by
Stevens et al. ~SKBJ!69 were employed, such that 10 elec-
trons of Co ~1s , 2s , and 2p! and 2 electrons of N (1s) are
replaced with effective potentials. The basis sets69 used with
the ECP’s are (8s8p6d/4s4p3d) for Co, (4s4p/2s2p) for
N, and (4s/2s) for H. Normal mode analyses were per-
formed by finite differencing analytic gradients for each
compound at stationary points in the lowest state of each
spin symmetry to identify these structures as minima or
saddle points on the respective potential energy surface
~PES!. The CASSCF normal mode frequencies were used to
obtain the zero-point vibrational energies ~ZPE! for these
compounds. To verify the continuity of reactant, TS, and
product for reaction ~2!, the intrinsic reaction coordinate
~IRC!70 was calculated using the second order Gonzalez–
Schlegel algorithm71 with a step size of 0.3 bohr amu1/2.
Figure 1 shows the coordinate axes used to define the
reaction system ~Co11NH3, HCoNH2
1
, and CoNH2
1! in
which N–H1 is taken to be the activated N–H bond.
Throughout the mechanism, Cs symmetry is conserved ~with
the yz plane defined as the symmetry plane!. The CASSCF
active spaces employed for geometry optimizations are sum-
marized in Table I. The notation (m/n) denotes m electrons
and n orbitals in the active space. For Co1, an ~8/6! active
space was used, in which all ~4s and 3d! valence electrons
and orbitals were included. Similarly, all valence electrons
and orbitals were included in the NH2 and CoH1 active
spaces. For the ion–dipole complex, CoNH3
1
, the valence
electrons and orbitals of Co plus the pz orbital of N were
included @~10/7!#, where the orbital pair (N-pz , Co-4s) cor-
responds to the s~Co–N! and s*~Co–N! orbitals. For
CoNH2
1
, the valence orbitals of Co and the py and pz orbitals
of N were included in the ~11/8! active space. In this active
space, the orbital pair (N-py , Co-dyz) corresponds to the
p~Co–N! and p*~Co–N! orbitals. For HCoNH2
1 and the
transition state ~TS! of reaction ~2!, the py(N), pz(N), and
s(H1) orbitals were included in addition to the valence orbit-
als of Co to give a ~12/9! active space. In HCoNH2
1
, the
orbital pair (N-py , Co-dyz) corresponds to p~Co–N! and
p*~Co–N!, while the pair (Co-4s , H12s) corresponds to
s(Co–H1) and s*(Co–H1). In the TS, N-py , H12s , and
Co-(4s ,dyz) correspond to ~three-center! bonding, nonbond-
ing, and antibonding molecular orbitals over N, H1, and Co.
These active spaces were determined based on some prelimi-
nary calculations, so as to keep the respective active orbitals
consistent among different spin and space symmetries. The
IRC calculation for reaction ~2! was performed using the TS
~12/9! active space. Note that this ~12/9! active space intro-
duces a symmetry imbalance for the reactant, CoNH3
1
, since
H1 is treated differently from H2 and H3.
To obtain reliable energetics, dynamic correlation cor-
rections were included via MR-SDCI ~contracted multirefer-
ence CI including single and double excitations from the
CASSCF wave function! calculations using the MOLPRO
package.65 In these MR-SDCI calculations, p and d polariza-
tion functions were added to the basis sets of H
(ap51.0)72 and N (ad50.8),72 respectively, and f polariza-
tion functions (a f51.5)30 and diffuse d functions
(ad50.1219)73 were added to the Co basis set. This will be
referred to as the ‘‘ECP basis’’. Additional calculations
were performed at the ECP geometries using an all elec-
tron basis set ~referred to as the ‘‘AE basis’’!, i.e.,
Co: (14s9p5d/8s5p3d)741f (a51.5)1d(a50.1219), N:
FIG. 1. The coordinate system used for Co1•••NH3, HCoNH21, and
CoNH21.
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(11s6p3d/5s4p3d), H: (6s3p/4s3p) ~Dunning’s aug-cc-
pVTZ!.75
An alternative method for incorporating dynamic corre-
lation is to add many-body perturbation theory corrections to
the CASSCF reference function. This multireference pertur-
bation method ~MRMP!, as formulated by Hirao and
Nakano,66,67 was also used to investigate the potential energy
surface, with the AE basis sets, using the GAMESS program.
In the GAMESS calculations, sets of 6d orbitals ~Cartesian
representation! have been used, while 5d orbitals were used
with MOLPRO. The dissociation energies for Co1vNH3,
HCo1–NH2, and H–CoNH2
1 were calculated as energy dif-
ferences between the corresponding equilibrium structures
and dissociated ‘‘supermolecules’’ at an interfragment dis-
tance of 500 Å. The active spaces employed for these super-
molecules were ~10/7!, ~12/9!, and ~12/9!, respectively. The
relative energies of reactant, TS, and product of reaction ~2!
were estimated using the ~12/9! active space.
III. RESULTS AND DISCUSSION
A. Geometric and electronic structures
The experimental76 ground state of Co1 is 3F(d8), with
the 5F(s1d7) state lying just 9.9 kcal/mol higher in energy.
Since F is a seven-fold degenerate state, we performed state-
averaged ~SA! CASSCF calculations including seven states
for each spin multiplicity. Using the ECP-basis, the 5F state
is calculated to be lower than that of 3F , with energy differ-
ences of 31.2 and 0.2 kcal/mol at the full-valence ~8/6!
CASSCF and MR-SDCI levels, respectively. With the AE-
basis, these values are calculated to be 25.4 and
26.3 kcal/mol, respectively. So, the order and magnitude of
the triplet–quintet splitting coincides with experiment at the
all-electron MR-SDCI level. It has been noted previously60
that accurate descriptions of the relative energies of lower-
lying electronic states of first-row transition metal atoms and
cations require flexible basis sets including diffuse d and f
polarization functions.
Upon coordination to NH3, the seven degenerate states
of Co1(F) split, resulting in seven nearly degenerate
CoNH3
1 states. Using the MCPF method,55 Langhoff et al.42
reported that the ground state of triplet CoNH3
1 is 3A2 in
C3n symmetry, with the 3E state lying only 0.5 kcal/mol
higher. In our CASSCF~10/7! calculations with the ECP ba-
sis, the ground state of CoNH3
1 ~C3n symmetry! is predicted
to be A2 , with an almost degenerate A1 state in both the
triplet and quintet. Figure 2 shows the energy level diagrams
~at the triplet and quintet A2 equilibrium structures! corre-
sponding to these seven low-lying triplet and quintet states,
calculated by the state-averaged ~SA! CASSCF method, us-
ing the ECP basis with no polarization or diffuse functions.
In the state averaging the seven lowest triplet and quintet
states are equally weighted. The energy difference between
the lowest A1 and A2 states is only 0.008 and 0.003 kcal/mol
for the triplet and quintet, respectively. The lowest 3E and
5E states lie 6.2 and 3.9 kcal/mol higher than the respective
ground states. To examine the basis set effects on the energy
levels of these seven nearly degenerate states, we also per-
formed the SA-CASSCF calculations with the AE basis set
for the respective triplet and quintet; the results are quanta-
tively the same as the ECP results.
Stationary points for the lowest C3n 3A2 , 5A2 , 3A1 ,
5A1 , 3E , and 5E states were determined using state-specific
CASSCF calculations. The ~10/7! active space natural orbital
occupation numbers ~NOON! for these states are
TABLE I. Active spaces used for ~CASSCF! geometry optimizations.
System ~sym.! Orbitals includeda Sizeb
NH2 (C2n) 1a1 1b1 2a1 1b2 3a1 2b1 ~7/6!
CoH1 (C`n) p(dxz) p(dyz) d(dxy) d(dx22y2) s(d3z22r2) s(4s) s(s of H) ~9/7!
CoNH21 (C2n) b1(dxz) b2(dyz) a2(dxy) a1(dx22y2) a1(d3z22r2) a1(4s) b2(py of N)
a1(pz of N) ~11/8!
CoNH31 (C3n) e(dxz) e(dyz) e(dxy) e(dx22y2) a1(d3z22r2)a1(4s)a1(pz of N) ~10/7!
HCoNH21 (C2n) b1(dxz) b2(dyz) a2(dxy) a1(dx22y2) a1(d3z22r2) a1(4s) a1(s of H1)
b2(py of N) a1(pz of N) ~12/9!
TSc (Cs) a9(dxz) a8(dyz) a9(dxy) a8(dx22y2) a8(d3z22r2) a8(4s) a8(s of H1)
a8(py of N) a8(pz of N) ~12/9!
a4s means 4s orbital of Co.
bThe notation (m/n) denotes m electrons and n orbitals in the active space.
cTransition state of reaction ~2!.
FIG. 2. Energy levels of the low-lying seven nearly-degenerate states for the
respective triplet and quintet CoNH31 calculated by the SA-CASSCF method
~with the ECP-basis sets including no polarization and no diffuse functions!
at the respective ~triplet and quintet! equilibrium structure of the ground
A2 state.
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3A2 :~Npz!2.0~dx22y21dyz!1.9~dx22y22dyz!1.1~dxy1dxz!1.1
3~dxy2dxz!1.9~d3z22r224s !1.5~d3z22r214s !0.5, ~5!
5A2 :~Npz!2.0~dx22y21dyz!1.6~dx22y22dyz!1.4~dxy1dxz!1.4
3~dxy2dxz!1.6~d3z22r224s !1.0~d3z22r214s !1.0, ~6!
3A1 :~Npz!2.0~dx22y21dxy!1.5~dx22y22dxy!1.5~dxz1dyz!1.5
3~dxz2dyz!1.5~d3z22r224s !1.5~d3z22r214s !0.5, ~7!
5A1 :~Npz!2.0~dx22y21dyz!1.5~dx22y22dyz!1.5~dxy1dxz!1.5
3~dxy2dxz!1.5~d3z22r2!1.0~4s !1.0, ~8!
3E:~Npz!2.0~dxz!2.0~dyz!2.0~d3z22r2!1.0~dx22y2!1.5~dxy!1.5
3~Npz24s !0.0, ~9!
5E:~Npz!2.0~dyz!1.5~dxz!1.5~dx22y2!1.3~dxy!1.3~d3z22r2!1.3
3~4s !1.0, ~10!
where each natural molecular orbital except for Npz is rep-
resented by its dominant Co atomic orbitals. The electronic
structures of the 3E and 5E states were each obtained by
averaging over the two degenerate E states. These fractional
occupancies emphasize the importance of treating this mo-
lecular system with multiconfigurational wave functions. The
net ~Mulliken! CASSCF charges on Co are 0.74, 0.78, 0.74,
0.78, 0.77, and 0.80 in the 3A2 , 5A2 , 3A1 , 5A1 , 3E , and
5E states, respectively, so the positive charge remains largely
on the metal in all states.
Based on the first-order Jahn–Teller effect,77 one ex-
pects C3n molecular structures with E symmetry to distort to
Cs symmetry structures ~E!A8 and A9 states!. In the
present system, the Jahn–Teller effect is very small, and dis-
tortions from C3n are negligible in both triplet and quintet
states. The geometric parameters and energies ~in hartree! for
the lowest 3A2 , 5A2 , 3A1 , 5A1 , 3E(3A9), and 5E(5A8)
states are given in Table II. These six structures were verified
to be minima on their respective PESs by the normal mode
analysis. The nearly degenerate A2 and A1 states have almost
the same equilibrium structure in each spin manifold. The
Co–N bond length in the quintet state ~Table II! is about
0.05–0.15 Å longer than that in the triplet state.
As shown in Fig. 2, the SA-CASSCF calculations sug-
gest that the lowest triplet and quintet states are 3A2(3A1)
and 5A2(5A1), respectively. To examine the effects of dy-
namical electron correlation, MR-SDCI calculations were
performed for the lowest 3A2 , 5A2 , 3A1 , 5A1 , 3E , and 5E
states, based on the ~seven-! SA-CASSCF wave functions
TABLE II. Geometric parameters for 3A2 , 3A1 , 3E (3A9), 5A2 , 5A1 , and 5E (5A8) states of CoNH31 ~C3n
symmetry! calculated by the CASSCF~10/7! method with the ECP basis set. Bond lengths and bond angles are
given in Å and degrees, respectively. The E states lose C3n symmetry, resulting in a slightly different value for
one HNH bond angle, given in parentheses.
State r(Co–N) r(N–H) /HNH State r(Co–N) r(N–H) /HNH
3A2 2.057 1.024 107.17 5A2 2.165 1.024 107.03
3A1 2.056 1.024 107.17 5A1 2.165 1.024 107.03
3E (3A9) 2.115 1.024 107.17 5E (5A8) 2.200 1.024 107.18
~107.30! ~107.22!
TABLE III. Total energies ~hartree! for 3A2 , 3A1 , 3E (3A9), 5A2 , 5A1 , and 5E (5A8) states of CoNH31 calculated by SA-CASSCF~10/7! augmented by
MR-SDCI, and by state specific CASSCF~10/7! augmented by MR-SDCI and MRMP, with the ECP and the AE basis sets. The state-specific CASSCF-based
energies for 5E (5A8) are not given since they do not converge.
ECP All electron
State averaged CASSCF MR-SDCI CASSCF MR-SDCI
3A2 2155.463 52 2155.795 97 21437.315 14 21437.699 02
3A1 2155.463 51 2155.795 94 21437.315 12 21437.699 01
3E 2155.453 69 2155.784 23 21437.305 11 21437.687 25
5A2 2155.488 12 2155.810 59 21437.336 76 21437.711 14
5A1 2155.488 12 2155.810 58 21437.336 76 21437.711 13
5E 2155.482 03 2155.804 65 21437.330 59 21437.705 07
ECP All electron
State specific CASSCF MR-SDCI CASSCF MR-SDCI MRMP
3A2 2155.467 37 2155.801 24 21437.318 93 21437.705 19 21437.754 30
3A1 2155.465 95 2155.802 71 21437.317 72 21437.706 62 21437.754 36
3E (3A9) 2155.455 84 2155.817 54 21437.314 41 21437.724 98 21437.783 78
5A2 2155.489 40 2155.811 22 21437.337 91 21437.711 62 21437.750 00
5A1 2155.468 71 2155.810 69 21437.337 33 21437.711 17 21437.752 44
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with both the ECP and AE basis sets ~including polarization
and diffuse functions!, at the A2 equilibrium geometries.
These calculations give qualitatively similar results to those
obtained with the SA-CASSCF method: The ground state of
CoNH3
1 is predicted to be the nearly degenerate A1 and A2
states, with the E state lying about 7 ~triplet! and 4 ~quintet!
kcal/mol higher in energy. The energy of the triplet ground
state, 3A2 , is just 7.6 kcal/mol ~AE basis set! higher than that
of the lowest quintet state, 5A2 , at the MR-SDCI level of
theory, based on SA-CASSCF wave functions.
To examine the validity of the state-averaged wave func-
tions MR-SDCI and MRMP calculations were performed
based on state-specific CASSCF wave functions for the same
six electronic states at the respective equilibrium geometries,
with the ECP and AE basis sets including polarization and
diffuse functions. Table III summarizes the results for these
calculations. The 3E(3A9) state is lower than 3A1 and 3A2 in
the state-specific calculations when dynamic electron corre-
lation effects ~MR-SDCI with the ECP and AE basis; MRMP
with the ECP basis! are included. This indicates that the
relative energies of the 3E , 3A1 and 3A2 states are very sen-
sitive to the computational method ~Recall that the MCPF
method42 predicts that the 3E state lies only 0.5 kcal/mol
higher than 3A2!. Based on the state-specific calculations, we
conclude that the ground state of CoNH3
1 is 3E(3A9), with
3A1 and 3A2 lying about 12 kcal/mol higher in energy ~MR-
SDCI/AE basis!; the MR-SDCI/AE energy of the triplet
ground state, 3E(3A9), is just 8.4 kcal/mol lower than that of
the lowest quintet state, 5A2 , thus, there should be no cross-
ing of the triplet and quintet potential energy surfaces due to
the coordination of Co1 with NH3.
Table IV summarizes C2n geometries and total ~or rela-
tive! energies for the lowest triplet and quintet states of each
HCoNH2
1 irreducible representation. The energies were cal-
culated with the ECP-basis sets including polarization and
diffuse functions. The ground state of HCoNH2
1 is a nearly
degenerate pair ~3A2 and 3A1!, and, except for B2 , the other
states are only 1–3 kcal/mol higher in energy. The lowest
quintet state is also a nearly degenerate pair, 5A1 and 5A2 .
Normal mode analyses for the 3A2 and 5A1 C2n structures
show that they are minima on their respective potential en-
ergy surfaces. In all states, the NH2 moiety has almost the
same structure, i.e., r(NH)51.03 Å and /H2NH35109.5°
@cf. r(NH)51.07 Å and /H2NH35102.3° in NH2(2B2)#.
Table V gives the active space natural orbital occupation
numbers ~NOON! for the four triplet and four quintet states
of HCoNH2
1
. Each natural orbital is labeled according to its
dominant contributing orbital. The NOON are all integers in
the relatively high energy 3B2 and 5B2 states.
Figure 3 shows a schematic illustration of reaction ~2!,
CoNH3
1(C3n)!TS(Cs)!HCoNH21(C2n), in which Cs
symmetry is maintained throughout the reaction path. Cs
transition state geometries were located for 3A8, 3A9, 5A8,
and 5A9 states. The geometric parameters for these transition
states are given in Table VI, along with the corresponding
total energies ~calculated with the ECP basis sets!. In each
spin symmetry, the A8 and A9 states have similar molecular
structures and total energies. To verify that they are first-
order saddle points, normal mode analyses were performed
for the 3A8 and 5A9 states ~the lowest states in each spin
symmetry!. It was verified that the Hessian matrix for these
TABLE IV. CASSCF~12/9! and MR-SDCI ECP geometries and energies of HCoNH21 electronic states. Total
energies ~italics, in hartree! are given only for the reference state and relative energies ~in kcal/mol! for other
states, relative to the reference state. Bond lengths and bond angles are given in Å and in degrees, respectively.
State r(Co–H1) r(Co–N) r(N–H2) /H2NH3 CASSCF MR-SDCI
3A1 1.630 2.086 1.030 109.52 0.16 0.16
3A2 1.630 2.085 1.030 109.50 2155.431 09 2155.738 55
3B1 1.622 2.105 1.030 109.46 3.45 3.10
3B2 1.646 2.102 1.030 109.44 6.49 18.35
5A1 1.632 2.104 1.030 109.52 0.76 0.95
5A2 1.632 2.104 1.030 109.52 0.83 1.01
5B1 1.623 2.106 1.030 109.44 3.24 2.92
5B2 1.649 2.154 1.030 109.56 8.34 14.21
TABLE V. Natural orbital occupation numbers in the active space for electronic states of HCoNH21, calculated
by the CASSCF~12/9! method.
b1(dxz) b2(dyz) a2(dxy) a1(dx22y2) a1(d3z22r2) a1(Co–H1) a1*(Co–H1) b2(Npy) a1(Npz)
3A1 1.7 1.4 1.7 1.3 1.0 2.0 0.0 0.9 2.0
3A2 1.7 1.3 1.3 1.7 1.0 2.0 0.0 1.0 2.0
3B1 1.7 1.7 1.3 1.3 1.0 2.0 0.0 1.0 2.0
3B2 1.0 1.0 1.0 2.0 2.0 2.0 0.0 1.0 2.0
5A1 1.4 1.6 1.4 1.6 1.0 2.0 0.0 1.0 2.0
5A2 1.4 1.6 1.6 1.4 1.0 2.0 0.0 1.0 2.0
5B1 1.8 1.8 1.3 1.3 1.0 2.0 0.0 1.0 2.0
5B2 1.0 1.0 1.0 2.0 2.0 2.0 0.0 1.0 2.0
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two stationary points has only one negative eigenvalue ~i.e.,
it is a transition state!. In the absence of analytic CASSCF
energy second derivatives, we assume ~although we cannot
verify with certainty! that the 3A9 and 5A8 state structures
given in Table VI are transition states on their respective
potential energy surfaces.
The CASSCF~12/9! IRC was determined starting from
each transition state, using the Hessian matrix calculated for
the 3A8 and 5A9 transition states, for the triplet and quintet
states, respectively. These IRC calculations verify that each
apparent transition state connects the A1 or A2 state of
CoNH3
1 ~C3n symmetry! with the A1 or A2 state of
HCoNH2
1 ~C2n symmetry!. The CoNH3
1 geometry obtained
from the CASSCF~12/9! IRC calculation is almost the same
as that calculated at the CASSCF~10/7! level ~Table II!.
Figure 4~a! shows energy variations along the IRC
(CoNH31!HCoNH21) in the 3A9 state. The reaction is endot-
hermic, so the path on the product side is long and shallow.
The energy profile on the product side exhibits an apparent
discontinuity around s;2.5 bohr amu1/2. This region was
examined further by calculating the energy of the lowest
3A9 excited state along the product side of the IRC by two
methods: ~a! using state-specific CASSCF for the ground
FIG. 3. A schematic illustration of a reaction, CoNH31!TS!HCoNH21.
TABLE VI. CASSCF~12/9! geometries and CASSCF~12/9! and MR-SDCI energies ~in hartree! for reaction ~2!
TS in triplet and quintet states. Bond lengths and bond angles are given in Å and in degrees, respectively.
State r(Co–H1) r(Co–N) r(N–H1) r(N–H2) /H2NH3 d(H1CoNH3) CASSCF MR-SDCI
3A8 1.630 1.811 1.691 1.020 112.80 82.18 2155.395 54 2155.740 83
3A9 1.631 1.829 1.733 1.020 112.97 80.25 2155.391 83 2155.733 84
5A8 1.783 2.074 1.918 1.030 109.92 79.71 2155.376 25 2155.689 19
5A9 1.756 2.047 1.888 1.030 109.92 80.26 2155.380 18 2155.694 98
FIG. 4. ~a! Energy variation along the IRC (CoNH31!HCoNH21) in 3A9
state. ~b! Energy variations of ground and excited states of 3A9 symmetry
along the IRC in product side: Solid-line curves with circles correspond to
state-specific CASSCF results; dashed-line curves with triangles correspond
to state-averaged CASSCF results.
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state and ~b! with a state-averaged CASSCF using equal
weights for the ground and excited states. Figure 4~b! shows
the results of these calculations. Solid-line curves with
circles correspond to state-specific CASSCF results, while
dashed-line curves with triangles correspond to state-
averaged CASSCF results. It is clear from this figure that
there is an avoided crossing of the two 3A9 states in this
region. The crossing is located in the region s;1.2 and
2.4 bohr amu1/2 in the state-averaged CASSCF IRC and the
state-specific CASSCF IRC profiles, respectively. The en-
ergy of the lowest state-averaged CASSCF 3A9 state be-
comes lower than the lowest state specific 3A9 around
s;2.4 bohr amu1/2. This indicates that the actual crossing
region should be located around s;1.2, and that the state-
specific CASSCF IRC is unreliable in this region. The cor-
rect IRC, starting from the crossing region with the correct
energy and energy gradient, is shown in Fig. 5~a!. Figures
5~b! and 5~c! show smooth geometry variations along the
correct 3A9 IRC.
Now, consider the exit channels, reactions ~3! and ~4!.
According to previous calculations,35 the ground state of
CoH1 is 4F . In C2n symmetry, 4B1 and 4B2 states correlate
with the degenerate 4F state, so state-averaged CASSCF cal-
culations including these two states were performed within
C2n symmetry. The energy of 4F is 2144.559 71
(2144.720 60) hartree with the ECP-basis sets at the
CASSCF ~MR-SDCI! level, and the CASSCF Co–H bond
length is estimated to be 1.631 Å.
Table VII shows the CASSCF~11/8! and MR-SDCI geo-
metric parameters and energies for the CoNH2
1C2n structures
for the lowest state in each of the four irreducible represen-
tations (A1–B2) in the doublet, quartet, and sextet mani-
folds. The energies were calculated with the ECP basis sets
including polarization and diffuse functions. In each spin
symmetry, A1 and A2 states are nearly degenerate lowest
states. Normal mode analyses for the ~CASSCF! lowest
states of each spin symmetry verify that each state corre-
sponds to a minimum on its potential energy surface. Dy-
namic electron correlation is most important for doublet
states. As a result, the doublets ~A1 and A2! are the lowest in
energy at the MR-SDCI level. However, the three sextets, the
three quartets, and the three doublets ~i.e., except for B2
states! are all found to lie within a 10 kcal/mol range. In the
dissociation of HCoNH2
1 to H1CoNH2
1
, the triplet state
should correlate with the doublet state of CoNH2
1
, while the
quintet state should correlate with the sextet state of
CoNH2
1
.
B. Reaction energetics
The energetics for the compounds involved in the reac-
tion processes were estimated with the MR-SDCI method
using the ECP and AE basis sets. To estimate binding ener-
gies of Co1vNH3, HCo1vNH2, and H–CoNH21, the cor-
responding dissociated ‘‘supermolecules’’ at the interfrag-
ment distance of 500 Å were employed. With the AE basis
sets, it was verified that the lowest states of CoNH2
1 are
2A1 , 2A2 , 6A1 , and 6A2 at the MR-SDCI level, in agreement
with the ECP results in Table VII. Thus, the supermolecule
doublet and sextet CoNH2
11H energies were employed in
the triplet and quintet H–CoNH2
1 binding energy calcula-
tions. The relative energies of reactant, TS, and product of
reaction ~2! were calculated using the ~12/9! active space.
From these binding and relative energies, energetics for the
processes ~1!–~4! were estimated for the lowest 3A8, 3A9,
5A8, and 5A9 states.
FIG. 5. ~a! Variations of the energy, and geometrical parameters @~b! bond
length r; ~c! bond angle a and dihedral angle d# along the recalculated IRC
of 3A9 state.
8510 T. Taketsugu and M. S. Gordon: Reaction mechanism of Co11NH3
J. Chem. Phys., Vol. 106, No. 20, 22 May 1997
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
129.186.176.217 On: Wed, 02 Dec 2015 15:06:41
Table VIII shows the relative energies calculated with
the ECP basis set at the CASSCF and MR-SDCI levels, both
with and without the zero-point vibrational energy ~ZPE!
corrections included. These energies are given relative to the
corresponding reactant energies (Co11NH3). Table IX
shows the corresponding values calculated with the AE basis
set. Note that the ZPE corrections employed in Table IX are
the ECP values used in Table VIII. Since the calculations
that employ the ECP and AE basis sets are qualitatively
similar, although they do differ quantitatively, the following
discussion focuses on the more accurate all-electron calcula-
tions.
In the first step, the reactants ~Co11NH3! yield an ion–
molecule complex, CoNH3
1(3E ,5A2 ,5A1), with retention of
C3n symmetry. Marinelli and Squires78 reported that the
Co1vNH3 binding energy is 58.8 6 4.0 kcal/mol, by mea-
suring the kinetic energy threshold for collision-induced dis-
sociation of Co1–NH3. The MCPF calculations ~based on a
single-configuration reference formulation55! of Langhoff
et al.42 predict a ZPE-corrected CovNH31 binding energy of
50.3 kcal/mol for the lowest 3A2 . The MR-SDCI/AE
Co1vNH3 binding energy is estimated to be 49 ~triplet! and
45 ~quintet! kcal/mol. These binding energies are reduced to
46 ~triplet! and 42 ~quintet! kcal/mol, respectively when ZPE
corrections are included. Note that the energy of the
Co1•••NH3 supermolecule was calculated based on a seven
state-average CASSCF for both triplet and quintet states
analogous to the calculations on Co1. So, the MR-SDCI
binding energy is similar to the MCPF prediction and some-
what smaller than the experimental value.
In the second step of the reaction sequence, one N–H
bond is activated by coordination to Co1. This process leads
to the intermediate complex H–Co–NH2
1(C2n) through a
three-center TS (Cs). With the inclusion of ZPE corrections,
the MR-SDCI energy barrier relative to the Co–NH3
1 com-
plex is 50 (3A8), 54 (3A9), 66 (5A8) and 63 (5A9) kcal/
mol, as shown in Table IX. At the same level of theory, the
TABLE VII. CASSCF~9/7! geometries and CASSCF~9/7! and MR-SDCI energies of CoNH21 electronic states.
Total energies ~italics, in hartree! are given only for reference states and relative energies ~in kcal/mol! for other
states, relative to the reference states. Bond lengths and bond angles are given in Å and in degrees, respectively.
State r(Co–N) r(N–H2) /H2NH3 CASSCF MR-SDCI
2A1 1.986 1.029 110.56 14.14 2155.141 22
2A2 1.986 1.029 110.58 13.96 0.56
2B1 2.054 1.029 110.26 17.41 9.40
2B2 2.205 1.031 109.42 23.23 33.78
4A1 2.164 1.030 109.43 1.50 3.37
4A2 2.163 1.030 109.41 1.29 3.23
4B1 2.193 1.030 109.32 3.50 5.57
4B2 2.244 1.031 109.12 5.48 23.76
6A1 2.170 1.031 109.41 2154.848 57 1.54
6A2 2.170 1.031 109.41 0.11 1.59
6B1 2.179 1.031 109.30 1.42 2.77
6B2 2.278 1.031 109.17 4.76 10.67
TABLE VIII. Relative energies ~in kcal/mol! of stationary points on the CASSCF and MR-SDCI potential
energy surfaces of reactions ~1!–~4! for 3A8, 3A9, 5A8, and 5A9 states, calculated with the ECP basis sets. The
ZPE-corrected energies ~MR-SDCI energy1CASSCF-ZPE! are also given.
Compound
CASSCF
MR-SDCI
No corr. ZPE corr.
3A8 3A9 3A8 3A9 3A8 3A9
Co11NH3 0.0 0.0 0.0 0.0 0.0 0.0
CoNH31 243.3 244.1 254.4 255.1 251.4 252.1
TS of reaction ~2! 7.1 13.0 26.6 20.9 29.4 23.7
HCoNH21 215.1 211.7 25.0 23.9 28.5 27.5
HCo11NH2 37.4 41.0 50.7 52.0 41.7 43.0
H1CoNH21 51.1 54.5 56.3 58.2 49.2 51.1
5A8 5A9 5A8 5A9 5A8 5A9
Co11NH3 0.0 0.0 0.0 0.0 0.0 0.0
CoNH31 243.2 243.6 248.0 248.4 245.1 245.5
TS of reaction ~2! 38.4 36.0 30.5 26.7 26.3 22.5
HCoNH21 4.8 4.9 0.4 0.4 23.3 23.3
HCo11NH2 56.7 56.7 55.4 55.2 46.4 46.2
H1CoNH21 56.3 56.4 62.5 62.4 55.3 55.2
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energy of H–Co–NH2
1
, relative to that of CoNH3
1
, is 53–55
~triplet! and 38 ~quintet! kcal/mol. Note that the energy of
CoNH3
1 is calculated using the two state-average
CASSCF~12/9! wave function at the CASSCF~10/7! struc-
ture.
Addition of dynamic correlation to the CASSCF wave
function via MR-SDCI causes a significant reduction in the
relative energies of TS in the triplet states, and especially for
the 3A8 state. In particular, the triplet intermediate
HCoNH2
1 is predicted to lie higher in energy than TS in the
3A8 state and is nearly isoenergetic with TS in the 3A9 state.
So, these calculations predict that the triplet intermediate
HCoNH2
1 may not exist as a minimum on the potential en-
ergy surface. The barrier is found to be much higher on the
quintet surfaces, so here the intermediate is predicted to be
quite stable. Clemmer and Armentrout2 estimate that the ac-
tivation barrier for reaction ~2! should be about 18.4 kcal/
mol relative to the energy of separated Co11NH3, based on
their guided ion beam mass spectrometry experiments. This
may be compared with our ZPE-corrected values of 4–9
kcal/mol for the triplet surface and 21–25 kcal/mol for the
quintet surface.
In the final step of the mechanism, the complex
H–Co–NH2
1 dissociates to HCo11NH2 or H1CoNH2
1 by
Co–N or H–Co bond cleavage, respectively. Both channels
are endothermic, and their ZPE-corrected MR-SDCI disso-
ciation energies are calculated to be 49 to 50 ~triplet! and 49
~quintet! kcal/mol for HCo11NH2, and 57 to 58 ~triplet! and
61 ~quintet! kcal/mol for H1CoNH2
1
. Experimental values2
for the energies of HCo11NH2 and H1CoNH2
1 are
64.362.8 and 46.162.3 kcal/mol, respectively, relative to
the energy of Co11NH3. These experimental values may be
compared with the ZPE-corrected MR-SDCI predictions
~Table IX! of 58 and 66 kcal/mol, respectively, on the triplet
surface and 45 and 57 kcal/mol, respectively, on the quintet
surface.
Because the MR-SDCI energies of HCo11NH2 and
H1CoNH2
1 are both qualitatively and quantitatively in dis-
agreement with the experimental results, an additional series
of calculations was performed for all stationary points at the
CASSCF/ECP geometries. These calculations were per-
formed, using the all-electron basis set and the CASSCF ac-
tive space described previously, by employing the MRMP
~multireference second order perturbation theory based on
the CASSCF wave functions! method,66,67 in order to explore
the method dependence of the theoretical predictions. The
MRMP method was chosen for this purpose, because, as
noted earlier, many of the stationary points of interest here
require a multi-configurational description.
Although the ZPE-corrected MRMP relative energies
given in Table X are quantitatively different from the MR-
SDCI results discussed in previous paragraphs, there are sev-
eral qualitative similarities: ~a! The Co–NH3 binding ener-
gies in both triplet and quintet states are predicted to be more
than 10 kcal/mol smaller than the experimental value and in
good agreement with the earlier MCPF prediction; ~b! The
HCoNH2
1 intermediate is predicted to be unstable ~higher in
energy than TS! in both triplet states, but quite stable ~by
about 20 kcal/mol! in the quintet states; ~c! The transition
state in the quintet states is predicted to be more than 59
kcal/mol above the CoNH3
1 complex; ~d! TS in the quintet
states is 15–19 kcal/mol above the separated reactant
~smaller than the MR-SDCI predictions!; ~e! The Co–N dis-
sociation energies in both triplet and quintet states are pre-
dicted to be considerably smaller than the corresponding
Co–H dissociation energies, again in disagreement with the
experimental observations.
It is difficult a priori to say whether the MRMP or MR-
TABLE IX. Relative energies ~in kcal/mol! of stationary points on the CASSCF and MR-SDCI potential energy
surfaces of reactions ~1!–~4! for 3A8, 3A9, 5A8, and 5A9 states, calculated with the AE-basis sets. The ZPE-
corrected energies ~MR-SDCI energy1CASSCF-ZPE! are also given.
Compound
CASSCF
MR-SDCI
No corr. ZPE corr.
3A8 3A9 3A8 3A9 3A8 3A9
Co11NH3 0.0 0.0 0.0 0.0 0.0 0.0
CoNH31 241.5 242.7 249.0 248.0 246.0 245.0
TS of reaction ~2! 15.5 16.6 6.6 11.6 3.8 8.8
HCoNH21 2 3.8 2 6.5 12.3 11.8 8.8 8.2
HCo11NH2 48.5 45.9 67.1 66.7 58.1 57.7
H1CoNH21 60.9 58.1 72.8 73.1 65.7 66.0
5A8 5A9 5A8 5A9 5A8 5A9
Co11NH3 0.0 0.0 0.0 0.0 0.0 0.0
CoNH31 239.4 239.8 244.3 244.6 241.4 241.7
TS of reaction ~2! 41.3 38.6 28.9 25.0 24.7 20.8
HCoNH21 8.1 7.8 0.0 20.2 23.7 23.9
HCo11NH2 59.8 59.4 54.3 54.1 45.3 45.1
H1CoNH21 60.3 60.0 64.4 64.1 57.2 56.9
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SDCI results are quantitatively more reliable. The former is
based on an internally-contracted scheme65 while the latter is
based on a perturbational approach. However, the qualitative
predictions are quite similar.
Table XI gives total and relative energies of the lowest
triplet and quintet states at the stationary points on the
CoNH3
1 potential energy surface, calculated with the AE-
basis sets by the ~a! MR-SDCI and ~b! MRMP methods. The
triplet surface appears to remain below the quintet surface
throughout most of the PES, although the two surfaces ap-
proach each other very closely near the HCoNH2
1 intermedi-
ate and into the dissociation channels. Indeed, the two states
appear to cross on the MRMP surface between HCoNH2
1 and
the dissociation limit H1CoNH2
1
.
IV. SUMMARY AND CONCLUSIONS
The reaction mechanism of Co11NH3 was studied by
the CASSCF, MR-SDCI, and MRMP methods with both ef-
fective core potential and all-electron methods. First, the re-
actants yield an ion–molecule complex, CoNH3
1(3E ,
5A2 ,5A1), with C3n symmetry. The experimental estimate78
for this binding energy is 58 kcal/mol. Subsequently, one
N–H bond is activated by the effect of the coordination of
Co1, resulting in a splitting of almost-degenerate states, i.e.,
3E!3A8,3A9 and 5A1 ,5A2!5A8,5A9. This process leads to
an intermediate complex H–Co–NH2
1(C2n) through a three-
center TS (CS). The experimental estimate2 for this barrier is
18.4 kcal/mol, relative to the starting reactants. Following
Co–N or H–Co bond cleavage, the complex H–Co–NH2
1
leads to HCo11NH2 or H1CoNH2
1
. Both channels are en-
dothermic, with experimentally estimated dissociation ener-
gies of 64.3 and 46.1 kcal/mol, respectively.2 The relevant
electronic state~s! are not known from the experiments.
The key theoretical predictions may be summarized as
follows:
~1! The Co–NH3 binding energies in both triplet and quintet
states are predicted to be approximately 10 kcal/mol
smaller than the experimental value, on the order of
41–46 kcal/mol.
~2! The HCoNH2
1 intermediate is predicted to be unstable
~higher in energy than TS! in both triplet states, but quite
stable ~more than 25 kcal/mol! in the quintet states.
~3! The transition state in the quintet states is predicted to be
62–66 kcal/mol above the CoNH3
1 complex.
~4! According to the MRMP calculations, TS in the quintet
states is 15–19 kcal/mol above the separated reactants,
similar to the experimental value of 18.4 kcal/mol. The
MR-SDCI calculations predict a larger ~21–25 kcal/mol!
barrier on the quintet surface.
~5! The Co–N dissociation energies in both triplet and quin-
TABLE X. Relative energies ~in kcal/mol! of stationary points on the MRMP potential energy surfaces of
reactions ~1!–~4! for 3A8, 3A9, 5A8, and 5A9 states, calculated with the AE basis set. ZPE-corrected results are
given in parentheses.
Compound 3A8 3A9 5A8 5A9
Co1NH3 0.0 0.0 0.0 0.0
CoNH31 250.9(247.9) 250.9(247.9) 248.4(245.5) 246.9(244.0)
TS of reaction ~2! 27.1(29.9) 20.5(23.3) 23.6~19.4! 21.9~15.2!
HCoNH21 13.0~9.5! 13.2~9.6! 0.6(23.1) 1.0(22.7)
HCo11NH2 66.6~57.6! 66.5~57.5! 53.6~44.6! 54.1~45.1!
H1CoNH21 82.7~75.6! 84.7~77.6! 66.3~59.1! 66.4~59.2!
TABLE XI. Total energies ~in hartree! of the lowest triplet and quintet states and their difference ~in kcal/mol!
at stationary points on the Co–NH31 potential energy surface, calculated with the AE basis set by the ~a!
MR-SDCI and ~b! MRMP methods. The energy values for CoNH31 were calculated based on the ~10/7!
CASSCF wave function. Energies relative to triplet CoNH31, in kcal/mol, are given in parentheses.
Compound Triplet Quintet Splitting
~a! MR-SDCI
Co11NH3 21437.648 42~49.0! 21437.640 51~53.9! 5.0
CoNH31 21437.726 48~0.0! 21437.711 62~9.3! 9.3
TS of reaction ~2! 21437.643 74~51.9! 21437.593 54~83.4! 31.5
HCoNH21 21437.634 78~57.5! 21437.633 85~58.1! 0.6
HCo11NH2 21437.547 23~112.5! 21437.547 23~112.5! 0.0
H1CoNH21 21437.538 17~118.2! 21437.531 24~122.5! 4.3
~b! MRMP
Co11NH3 21437.702 70~50.9! 21437.675 24~68.1! 17.2
CoNH31 21437.783 78~0.0! 21437.752 44~19.7! 19.7
TS of reaction ~2! 21437.705 31~49.2! 21437.639 20~90.7! 41.5
HCoNH21 21437.673 43~69.2! 21437.672 54~69.8! 0.6
HCo11NH2 21437.587 97~122.9! 21437.587 97~122.9! 0.0
H1CoNH21 21437.562 27~139.0! 21437.568 31~135.2! 23.8
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tet states are predicted to be considerably smaller than
the corresponding Co–H dissociation energies. This is
the reverse of the experimental observations.
~6! The triplet surface appears to be below the quintet sur-
face throughout most of the reaction, but the two sur-
faces are nearly degenerate from the region of the
HCoNH2
1 intermediate through the two exit channels to
products. In addition, there are several low-lying excited
triplet and quintet states along the potential energy sur-
faces. So, it is possible that two or more electronic states
are involved in the process.
In view of the reasonably high levels of theory employed
in this work, the level of agreement with theory is somewhat
disappointing. One can always identify ways in which the
theoretical treatment can be improved. The most obvious
ones are further improvements in the all-electron basis set,
expansion of the CASSCF active space, and the use of either
higher levels of CI excitations or higher orders of perturba-
tion theory.
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